Carrier dynamics in n-type 4H-SiC epilayers of varying thicknesses and low Z 1/2 defect concentrations are investigated here in wide ranges of excess carrier density and temperature. Several techniques are employed to monitor carrier diffusion and recombination processes, including light induced transient grating (LITG), microwave photoconductance decay (MPCD) and free carrier absorption (FCA) using ps-laser pulses at 355 nm. The observed increase of the diffusion coefficient with the increasing excitation level is explained by the transition from the minority to the bipolar transport regime. Its subsequent decrease with even higher excitations is found to be governed by band-gap renormalization and degeneracy effects. The bulk lifetime, limited by hole traps at 0.19-0.24 eV above the valence band at lower excitations, was found to decrease from few microseconds to hundreds of nanoseconds during the transition regime from the minority to the bipolar transport. Our temperature-dependent measurements confirmed the trap activation energy and provided the approximate functional form of electron and hole lifetimes as τ e = 340 × (T/300 K) 3/2 ns and τ h = 100 × (T/300 K) -1/2 ns, for the temperature T range 80-800 K. It was found to hold for 65 and 120 μm sample thicknesses, while the lifetimes were found to be twice shorter for the sample 35 μm thick.
Introduction
Carrier lifetime is a crucial parameter for 4H-SiC bipolar devices, thus many works are devoted to its investigation in epitaxial layers [1] [2] [3] [4] [5] [6] [7] . However, the injection level, temperature and defects lead to a wide variation of measured lifetimes. In 4H-SiC Z 1/2 traps are considered to be the main lifetime killing defects [1, 5] , responsible for the increase of lifetime with excitation and temperature. Growth of 4H-SiC at a high C/Si ratio leads to a low Z 1/2 density (<10 13 cm -3 ) [5] ; moreover, in such crystals lifetime decreases with excess carrier density, pointing out to recombination by other mechanisms. Lifetime decrease with nitrogen doping, not correlating with the Z 1/2 trap density, was also observed in [7] . The recombination mechanisms when intrinsic Z 1/2 trap density is negligibly low are often attributed to surface recombination, dislocations and stacking faults [8] [9] [10] [11] . Few works also indicate that other point defects cannot be neglected [2, 12] . Hence, a combination of different techniques with a varying excitation density, sample thickness and temperature can provide a deeper insight into the recombination mechanisms and origin of the contributing defects.
Therefore, we applied light induced transient grating (LITG), microwave photoconductance decay (MPCD) and free carrier absorption (FCA) techniques for study of the excitation and temperature-dependent carrier lifetime in 35, 65 and 120 μm thick 4H-SiC layers with a low Z 1/2 defect concentration. The observed lifetime decrease with excitation and its increase with temperature were attributed to shallow hole traps at E V + 0.19-0.24 eV, the occupation of which with holes increases with excitation but decreases with temperature. The precise discrimination of bulk lifetime from surface and nonlinear recombination was performed by using a numerical simulation of the excess carrier density in-depth profile with the determined diffusion coefficient by LITG. The hole trap origin was ascribed to the HS1 hole trap attributable to silicon antisite Si C with the position at E V + 210-240 meV [2, 13, 14] .
Samples and techniques
4H-SiC samples of 35, 65 and 120 μm thickness were produced [15] from a commercial 150 μm thick n-type wafer (n 0 = (10±2) × 10 14 cm -3 due to nitrogen doping) grown on a heavily-doped 4H-SiC (0001) substrate at carbon rich conditions (C/ Si ≈ 1.2). The latter feature led to a low Z 1/2 density (<5 × 10 12 cm -3 [16] ) in the layers. The investigated samples were excited by the third harmonic (355 nm) of a Nd:YAG laser with 25 ps duration pulses at 10 Hz repetition rate. Probing was performed by the first harmonic (1064 nm) of the Nd:YAG laser. The excitation fluence I 0 was tuned by rotating a half wave plate before a BBO Glan prism. The photoexcited carrier density at the surface is ∆N* = αI 0 /hν, where α is the temperature-dependent absorption coefficient of 4H-SiC at 355 nm [17] (here hν = 3.49 eV). The statistically averaged carrier density ∆N(t) = ∆N(zc, t) was used (where zc was derived from the condition [18] ) for determination of instantaneous carrier lifetime excitation dependences.
LITG measurements were performed to determine the excitation-dependent diffusion coefficient D. In the measurements the interference light field is used to excite the sample [19] [20] [21] . LITG decay was monitored by diffraction of an optically delayed probe beam on a dynamic diffraction grating in the sample (due to the refractive index modulation ∆n by free carriers, ∆n(t) ~ ∆N(t)), thus leading to an instantaneous diffraction efficiency DE(t) ~ [∆N(t)] 2 [20] . Comparison of LITG decay times, τ G , at few different grating periods Λ allowed determination of the carrier diffusion coefficient D and their fast lifetime component τ R as 1/τ G = 1/τ R + 4π
2 D/Ʌ 2 [21] . Periods of 1.97 and 7.8 μm were used for diffusivity determination.
MPCD measurements were utilized for investigation of carrier lifetime excitation dependences. In the MPCD measurements the sample was mounted into the rectangular waveguide setup and illuminated via a longitudinal slot of 2 × 4 mm size by the Nd:YAG laser beam [22] . The illuminated surface area of the sample was 1.6 × 1.6 mm. Measurements based on the FCA technique provided carrier lifetimes at a high excess carrier density (10 16 -10 18 cm -3 range), at the same excitation conditions (355 nm), and probing by the electronically delayed Nd:YAG laser (at 1064 nm) [3] . Temperature-dependent lifetime measurements in the 80-800 K range were performed by the FCA technique in a nitrogen cooled cryostat.
Results and discussion

Excitation-dependent carrier diffusivity from LITG
At room temperature (RT) the excitation-dependent kinetics of LITG diffraction efficiency (DE) and the determined D(∆N) dependence are shown in Fig. 1 . The decay is becoming slower with excitation due to the decrease of the D value, while the LITG signal amplitude increases quadratically with excitation as is typical for free carrier generation. We note that D values at low excitations in n-type 4H-SiC were determined by the Fourier transient grating (FTG) technique [23] . It has been observed that the D increase with excitation (at ∆N < 10 16 cm -3 ) is due to transition from the monopolar hole to the bipolar diffusion regime [23] , afterwards it decreases due to band-gap renormalisation (BGR) [24] and further slightly increases due to degeneracy [24] .
Electron-hole plasma is spatially inhomogeneous. Bipolar carrier diffusion is governed by the ambipolar diffusion coefficient [25] due to the internal electric field between electrons and holes
where D e ir D h are electron and hole diffusion coefficients, respectively. The diffusion coefficients D are related to carrier mobilities µ via the Einstein's relationship [25] [26] ). The value n 0 = 10 15 cm -3 was used in the fit, presented in Fig. 1(b) by the dashed line. It strongly deviates from the experimental data, thus pointing out to many body interactions at high excitations.
For a better comparison with the experiment, an analytical approximation to D a (∆N, T) was performed, taking into account the contributions of band-gap renormalization and plasma degeneracy [27] , which can either reduce or enhance the diffusivity [24] :
Here D a0 (T) is the low-injection, the phononlimited [24] diffusion coefficient, and the two terms in brackets represent plasma degeneracy and BGR, respectively. The D a0 , a and b are fitting parameters. D a0 was used the same as in [24] . The values of the parameters at RT were determined with 10% precision: a = 0.14, b = 0.52. The a and b coefficients were fitted with temperature as a ∝ T -1.5 and b ∝ T -1 (in degenerate plasma the density of states increases with temperature as T 1.5 , while carriers with increased thermal energy kT can more easily overcome the bandgap modulation due to BGR [27] ). The low excitation value of diffusivity is not affected by many-body effects, thus should coincide with a bipolar one. However, in that case the observed lower D value can be explained by fast carrier trapping to boron hole traps (negatively charged before excitation). According to the methodology given in [28] , D meas = D a0 (∆N-∆N trapped )/∆N, their density of 1.5 × 10 13 cm -3 was evaluated (see Fig. 1(b) , full fit at ∆N < 10 15 cm -3
). The determined D(T, ∆N) dependence will be used in carrier density profile simulations in Section 3.4.
Excitation-dependent MPCD carrier lifetime
The excitation-dependent MPCD kinetics in the 65 μm thick sample are shown in Fig. 2(a) . They become faster with excitation due to trap charging. The lifetime values determined in the respective intervals ∆t 1 and ∆t 2 are shown in Fig. 2(b) . The clearly observed lifetime reduction indicates transition from a monopolar to a bipolar recombination case. Such dependence is untypical of SiC with a high concentration of vacancies, where lifetime decrease with excitation was observed [1] . Therefore the samples should contain other traps, the origin of which is unknown and needs further investigation.
Electronic traps are well known in 4H-SiC, thus we assume that hole traps are responsible for the observed recombination features. The model for the case when the defect concentration is much lower than the nonequilibrium carrier density, i.e. ∆N e ~∆N h ~∆N, the Shockley-Read-Hall lifetime formula for hole traps (HT) can be derived [29] :
τ HT = (τ h (n 0 + ∆N) + τ e (p 1d + ∆N)) / (n 0 + ∆N). (3) Here and are the electron and hole lifetimes and thermal velocities; σ e and σ h are the capture cross sections for electrons and holes, and n 0 is the equilibrium electron concentration. p 1d = N vd exp ((E v -E T )/kT) is the hole concentration in the valence band when the Fermi level is equal to E T .
Under high injection conditions for deep traps, Eq. (3) can be simplified to τ HT = τ h + τ e , while for the minority carriers a simple form as τ HT = τ h + τ e p 1d /n 0 can be obtained.
The hole lifetime of 100 ns and the electron lifetime of 350 ns were determined using Eq. (3) in the thick layers, while for the thinner layer twice shorter lifetime values were fitted (see fits in Fig. 2(b) ). The fitted hole trap energies are 210, 210 and 190 meV in 35, 65 and 120 μm samples, respectively. A low excitation lifetime is larger by p 1d /n 0 ratio, therefore the hole lifetime in the thickest sample equals 350 ns × 16 = 5.7 μs at low excitations. The shorter lifetime in the thinner layer will be checked by temperature measurements (Section 3.3). Herein we used hole trap lifetime discrimination from other lifetimes by the equation 1/τ R = 1/τ HT + 1/τ S + 1/τ Z 1/2 + 1/τ Aug , where the stabilised surface lifetime τ S was calculated from carrier density profiles (see Section 3.4), 1/τ Z 1/2 is the Z 1/2 defect limited lifetime calculated according to models in [1] , and τ Aug is the Auger lifetime calculated according to equations in detail described in [24] .
Temperature-dependent FCA carrier lifetime
The transients of the FCA signal measured at 300 K are shown in Fig. 3(a) . They are nonexponential and slower in thicker layers. It was observed that in thick samples decays at short delays are almost identical indicating that they are related mainly to bulk traps. Temperature lifetime measurements (Fig. 3(b) ) were performed at 10 16 cm -3 carrier density (as to minimize Z 1/2 defect and Auger recombination impacts, see Fig. 2(b) ) to verify hole trap activation energies and discriminate electron and hole lifetimes. All samples exhibited similar temperature dependences, pointing to a similar trap origin.
The fit of lifetime with temperature was performed by Eq. (3). It provided the temperature-dependent electron and hole lifetimes of τ e = 340 × (T/300 K) 3/2 ns and τ h = 100 × (T/300 K) -1/2 ns in 65 and 120 μm layers and twice shorter values in the thinnest one. The fitted hole trap activation energies were 220, 240 and 190±20 meV in 35, 65 and 120 μm samples, respectively. The latter values are very close to those determined from lifetime excitation dependences (see Fig. 3(b) ). The hole lifetime decreased with temperature with a -0.5 slope which was explained by the hole capture to the neutral trap (σ h = const. [30] ) thus creating the N T + state, while the electron lifetime increase with temperature with a 1.5 slope was explained by the electron capture to the positively charged hole trap state N T + (σ e ~ T 2 , Coulombic trap [30] ). The trap origin can be attributed to the HS1 silicon antisite Si C trap at the position E V + 210-240 meV [2, 13] . The twice lower lifetime, observed in the 35 μm sample, may indi- cate that defect density may increase with sample thickness decrease (our samples were thinned by polishing from the backside). Also the increase of trap energy with thickness may indicate a slight modification of the trap position on inequivalent hexagonal or cubic lattice sites. The effect is known to provide slightly different native defect energies in hexagonal 4H-SiC [31] . Excitation from the backside in the thickest sample revealed the same lifetime value, as the carrier lifetime is integrated over the whole sample thickness.
Carrier density profile simulations
Straightforward determination of lifetime is possible when the carrier density in-depth profile is stabilized, i.e. from decay tails of the measured kinetics (the normalized stabilized carrier density in-depth profile and the corresponding stabilized surface lifetime are unchanged with time [3] ). Therefore, the lifetime was extracted from decay tails in the used excitation and temperature ranges, as presented in Sections 3.2 and 3.3.
Below, we present the details on calculation of the spatial redistribution of carriers, governed by the carrier density and temperature-dependent diffusion and recombination. Using the balance equation (4) [32] , we calculated the evolution of the excess carrier in-depth profile ∆N(z, t) in the epitaxial layer at standard boundary conditions [33, 34] :
Here D a (T, ∆N) and C(T, ∆N) are the temperature and injection dependent diffusion and the Auger recombination coefficient, respectively [24] ; G(z, t) =[αI 0 f(t)/hν ] × exp(-αz) is the carrier generation rate by the laser pulse f(t) [3] . The solution of Eq. (4) is performed with the standard boundary conditions:
, where S (∆N, T) is the surface recombination velocity on front and back surfaces [33] . The dependence of the surface recombination velocity on the carrier density was determined by fitting the relation S(∆N) = 130 × (1 + 2∆N/n 0 ) 1/2 cm/s, its theoretical description is provided in [22. The determined S value was extracted from the initial parts of the MPCD and FCA decay with the relation FCA(t) = σ eh ∫ 0 d ∆N(z,t) × dz [24] , where σ eh is the free carrier absorption cross section. The stabilized surface recombination time was verified (with 10% error) by the equa- [3, 33] , where S(T) ~ exp (-ϕ B /kT) and ϕ B = ~260 meV [18] is the surface defect capture barrier. Note that the normalized stabilized carrier density in-depth profile and lifetime are unchanged with time if S and D are constant on ∆N.
An example of simulated profiles is shown in Fig. 4 : in the thinner layer, the profile stabilization takes place in the few hundred nanosecond range, while in the thick ones it is in the microsecond range. The stabilized surface recombination time τ Sstab excitation and temperature dependences are depicted in Figs. 2(b) and 3(b) .
Conclusions
The light induced transient grating technique was applied for determination of the carrier diffusivity excitation dependence. The fitting of the measured excitation dependence exhibited monopolar and bipolar carrier transport regimes and the impact of many body effects studied in terms of bipolar plasma. The excitation-dependent lifetime was extracted from the MPCD transients in the 35, 65 and 120 μm thick 4H-SiC samples. The decrease of the carrier lifetime with the excitation provided hole trap energies in the 190-210 meV range. The hole lifetime was 100 ns at 300 K in the thick layers, while that for the electrons was 350 ns. Increasing the FCA lifetime with temperature provided almost similar trap energies of 190-240 meV. The determined hole trap was attributed to the HS1 silicon antisite hole trap. The hole lifetime decrease with temperature with a -0.5 slope was explained by the hole capture to the trap neutral state, while the electron lifetime increase with temperature with a 1.5 slope is due to the electron capture to the positively charged traps. 
